AM GREATLY honored to have been selected to give the Lewis A. Conner Lecture before this association. I propose to discuss in this lecture some of the unsolved problems that have arisen from the use of extracorporeal blood circuits, a field in which I have long been interested. Twenty-four years ago at the Massachusetts General Hospital, we constructed an artificial heart-lung apparatus that was capable of maintaining the eardiorespiratory functions of cats for more than 4 hours with the pulmonary artery completely occluded.' A few years later, continuing this work at the Harrison Department of Surgical Research at the University of Pennsylvania, we were able to carry the entire cardiorespiratory functions of cats for as long as 26 minutes with prolonged healthy survival of the animals.2 World War II interrupted our work in this field, but it was resumed at the conclusion of the war. Six years were then spent in further experimental work in animals, with increasingly long periods of total bypass of the heart and lungs with survival,3-5, a decreasing mortality rate, and successful experiments in which atrial6 and ventricular7 septal defects were created and closed. There followed on May 6, 1953, the first successful open-heart operation on a human being in which the entire cardiorespiratory functions were maintained by an extracorporeal eirculationi.8 The heart and lungs were bypassed for 26 minutes while a large atrial septal defect was closed with sutures under direct vision. The patient, an 18-year-old girl, is now, 5 years later, healthy and leading a normal life. Today, as
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BLOOD FLOW AND PRESSURE DURING EXTRACORPOREAL CIRCULATION Very little accurate data exist on cardiac output during operations under general anesthesia. 9 The flow of blood through the extracorporeal circulation, however, can be easily and accurately measured. There is abundant evidence that low flow rates, 25 of a blood flow through the extracorporeal circuit that is less than the cardiac output of the patient immediately preceding total bypass. The addition of blood to the combined system of the subject's vessels and the extracorporeal circuit is frequently resorted to in order to increase the blood flow and to raise the subject's blood pressure. Yet if the presumption is correct that the observed fall in blood pressure on initiating total bypass results from a blood flow through the circuit less than the preexisting cardiac output of the subject, it is clear that attention must be directed towards overcoming the technical factors that may contribute to this diminished blood flow. An example of such a technical factor is the decreased internal cross-sectional area of the cannulae in the venae eavae, as compared with the internal cross-sectional area of the eavae themselves Obviously the nearer these cross-sectional areas approach one another, the easier it will be to obtain the same venous blood flow, and thus the same arterial blood flow and cardiac output, as existed before. Another technical factor that may limit blood flow through the circuit is the resistance offered by the cannula returning the blood to the subject's arterial system. There is a limit to the pressure which can be employed to overcome this resistance because of (to mention only one facet) the hemolysis resulting from the passage of blood from a high pressure area to a low pressure area through a narrow orifice. 17 If, on the other hand, the above-mentioned presumption is inaccurate, and the flow of blood through the extracorporeal circuit is as great, or greater than that which existed immediately prior to initiation of total bypass, then the fall in blood pressure must be related to a decrease in peripheral resistance. Under these circumstances, adding blood to the circuit would compensate for the blood pooled in the area of vascular relaxation. In this case, vasodepressor substances in the blood in the extracorporeal circuit should be sought and if possible eliminated. Other factors, of course, may be responsible for the vasodilatation, such as reflexes arising from baroreceptors in the walls of the atrial,"8 the venae cavae, or pulmonary vessels.
Volume of Blood in the Lungs
On the initiation of complete cardiopulmonary bypass, theoretically the volume of blood in the lungs should be markedly reduced, thus increasing the blood volume in the combined system of extracorporeal circuit and the subject's vascular system. This additional volume should counteract to some extent vascular pooling in the subject's body, if this is the basis of the observed fall in blood pressure. In the acyanotic patient, the foregoing remarks should be true. On the other hand, in the cyanotic patient who already has a large bronchial artery component entering the pulmonary capillaries, the cessation of blood flow through the pulmonary arterial tree should tend to reduce the resistance in the pulmonary capillaries and to increase the blood flow into the left side of the heart from the bronchial arteries through the pulmonary capillaries and veins. Experience with open-heart operations in the laboratory and in human patients has shown the importance of providing an escape for this blood from the left side of the heart when cardiac arrest is employed. [19] [20] [21] Accurate data on the blood volume and blood flow through the lungs should be obtained before, during, and after bypass, in order to provide for the greatest safety of the patient during the operation.
Reversal of Flow in Aorta
In much of the early experimental work on animals, the arterialized blood from the extracorporeal circuit was returned to the subject's arterial system by way of a centrally directed cannula in a femoral artery. In much of the early human operative work, this blood was returned through a centrally directed cannula in the left subelavian artery. IiM the last few years, however, most surgeons have employed the femoral artery for return of this blood as in the early animal experiments. This shift was made because of the technical difficulty in exposing the left subelavian artery through the usual transverse thoracotomy incision, the inaccessibility of the artery from a GIBBON median sternotomy, and also because it shortened the time during which the thorax was open. While many of the aortic branches, i.e., innominate, left carotid, left subelavian, illtercostals, and renal arteries, leave the aorta almost at right angles, the mesenteric arteries form anl obtuse angle with the normal direction of blood flow. Due to piezometri( efeets, it is possible that the flow of blood through the mesenteric arteries and celiac axis may be considerably reduced when the direction of blood flow is reversed in the aorta by employing a centrally directed cannula in the femoral artery to return the arterialized blood. If the femoral artery continues to be employed for this purpose, the flow through the superior mesenterie artery as well as the other great branches of the aorta should be measured before and after reversal of the blood flow. The development of an accurate electromagnetic blood flow recorder22 provides a suitable technical device for obtaining this much-needed information. Dr. John Templeton of our department has recently abandoned the femoral artery, and now returns the arterialized blood through a eanlnula inserted into the ascending aorta through a stab wound. This method eliminates reversal of flow through the aorta, permits the employment of a cannula with a larger internal lumen than the femoral artery, obviates the possibility of impairment of the blood supply to a lower extremity, and is technically simpler and more rapid than femoral artery cannulation. The whole problem needs further investigation and clarification. The proponents of " anoxic " arrest produced by merely crossclamping the aorta, state that all cardiac arrest is anoxic. This is true because the metabolism of the myocardium continues even when it is not contracting. Nevertheless, there is a marked difference in the degree of hypoxia of the myocardium resulting from potassium or acetylcholine arrest which occurs promptly, and that produced in " anoxic " arrest which occurs more slowly with progressively weaker contractions of the hypoxic left ventricle. The question to be answered may be stated simply. Which method is least harmful to the heart as measured by the ability of the heart to contract at a normal rate, rhythm, and force following the period of arrest?
Relation of

Cardiac Hypothermia
Induced cardiac arrest has given rise to many other physiologic problems. We do not know whether some of the observed cardiac arrhythmias in the postoperative period are due to some special sensitivity of the sinoatrial node, the artrioventricular node, or the bundle of His to hypoxia and the accumulation of acid metabolites. With the ascending aorta eross-clamped and no blood flowing through the coronary vessels, the temperature of the heart will eventually fall to the ambient room temperature. The rate at which this drop in temperature occurs should be measured. It It seems reasonable to assume that this pulmonary dysfunction arises during the period of bypass from some change in the milieu interieur of the pulmonary capillaries, the alveolar membranes, or the lining of the bronchioles. During bypass with cessation of blood flow through the pulmonary artery, there continues to be a small circulation of blood through at least some of the pulmonary capillaries by way of the bronchial arteries. As mentioned earlier, this flow of blood probably increases, because of decreased pressure in the pulmonary capillaries, when the flow through the pulmonary artery ceases. In cyanotic patients, the blood flow through the 1ronchial arterie . may reach huge proportions. In the acyanotic patient without a septal defeet, and without cardiac arrest, a vent need not be provided for the blood entering the left heart, because this blood will be ejected into the aorta by the left ventricle which is being perfused with oxygenated blood. If cardiac arrest is employed under these circumstances, a vent should be supplied for the escape of blood from the left atrium to prevent a gradual rise in pulmonary venous and capillary pressure with resultant pulmonary edema. Of course, cardiac arrest is rarely employed in such patients.
In the acyanotic patient with an atrial septal defect, cardiac arrest is also rarely employed, and even if it were, there would be ani adequate vent for the blood in the left atrium through the septal defect when the right atrium is open. In the usual case without cardiac arrest, the presence of blood in the left atrium helps to avoid air embolism, and after the defect is closed, there is no danger of increased venous pressure with a resultant pulmonary edema, as the left side of the heart is able to eject any blood which reaches it because it is being perfused with oxygeniated blood.
In It is evident that during total bypass of the heart and lungs, ventilation of the lungs to provide oxygen and to eliminate carbon dioxide is not necessary. In the cyanotic patient with a large bronchial arterial flow of blood through the pulmonary capillaries, ventilation of the lungs during bypass is probably not harmful, although it could be expected to reduce carbon dioxide tension and raise the pH of the blood. In the acyanotic patient with a small bronchial arterial flow, pulmonary ventilation is obviously not necessary, and conceivably might be deleterious if it produced significant changes in the composition of the alveolar gases. Vigorous ventilation of the lungs in an acyanotic patient during bypass, with only a small flow of blood through some of the pulmonary capillaries from the bronchial arteries, would certainly reduce the normal carbon dioxide tension of the alveolar gas from 40 mm. 11g to almost zero, unless carbon dioxide were added to the ventilating gas. If, as is frequently the case, the ventilating gas is oxygen, ventilation during the period of bypass would raise the tension of oxygen in the alveolar gas from its normal level of 90 or 100 mm. Hog to the neighborhood of 700 mm. 11g. Finally, if a high gas flow, nonrebreathing technic were employed, harmful drying effects might be produced on the mucous membrane lining the tracheobronchial tree, as well as on the extremely thin cells of the alveoli themselves.
It seems reasonable to avoid these possibly deleterious changes in the water vapor and other gas concentrations of alveolar air by omitting pulmonary ventilation during bypass in the acyanotic patient. Suggestive evidence that such changes are deleterious to the function of the lungs in the postoperative period was obtained in our laboratory several years ago in experiments on normal dogs. 46 The right and left lungs were ventilated separately, but equally, by appropriate endobronchial technics, and the oxygen consumption of each lung was measured with the thorax open. The pulmonary artery of 1 lung was then occluded for a period of 1 hour, while the lungs were ventilated as before.
Following release of the occlusion, the oxygen consumption of each lung was again measured. In the majority of experiments, the oxygen consumption of the lung in which the pulmonary artery had been occluded fell below the preocelusion measurement. After a period of 2 to 4 hours, the oxygen consumption of this lung tended to return to its previous level. On the other hand, when the lung with the occluded pulmonary artery was held stationary in an inflated position, the decline in oxygen consumption was not observed in the postoeclusion period. These experiments suggest that ventilation of a lung without blood flow through the pulmonary artery may produce at least temporary impairment of pulmonary function. Therefore, while ventilation of the lungs of eyanotic patients during bypass may not be harmful, in the acyanotic patient, such ventilation may contribute to postoperative pulmonary dysfunction. LENGTH OF PERF1ISION If an extracorporeal blood circuit exactly duplicated the functiotus of the heart and lungs, then, theoretically, there would be no limit to the period of time that such an apparatus could be used to substitute for these natural functions. Unfortunately such is not the case. Harmful phenomena oCCur a in the cxtracorporeal blood circuit, or arise fromi the method of connecting the vascular system of the subject to the extracorporeal circuit, so that there is a limit to the time during which an extracorporeal circulation can be used safely. Much remains to be learned concerning these phenomena and their prevention.
Atelectasis and Pulmonary Inflation
Partial bypass of the heart and lungs can be tolerated by animals for periods of 4 and 5 hours with low mortality, whereas total bypass with open cardiotomy for a period of 2 hours in dogs results in a 50 per cent mortality. 47 Undoubtedly with both partial and total bypass, the harmful phenomena that occur in the extracorporeal circuit are cumulative, and finally reach such a degree that they can no longer be tolerated by the organism. When the same connections to the vascular system of the subject are used, there are 2 major differences between partial and complete bypass of the heart and lungs. The first is that in partial perfusion, only a part of the blood reaching the arterial system has passed through the extracorporeal circuit, and thus it will take a longer time for the harmful phenomena to become lethal. The second major difference is that in total bypass, blood no longer flows through the pulmonary capillaries except for the small component entering them by way of the bronchial arteries.
The measurable harmful phenomena that occur in the extracorporeal circuit are surprisingly few. They consist almost entirely in damage to the corpuscular elements of the blood. In 
